Oocytes of many animals contain translationally dormant mRNAs that are activated in a stage-specific and sequencespecific manner in early development. Such maternal mRNAs encode a variety of products that are important for the initial cell divisions, the establishment of embryonic polarity, and the induction of certain cell lineages (reviewed in references 4, 9, 16, 33, and 35) . Although a number of mechanisms are probably responsible for the translational control of maternal mRNA, one that appears to be widespread among metazoans is cytoplasmic poly(A) elongation. In this case, a number of mRNAs that are quiescent in oocytes contain relatively short poly(A) tails, usually fewer than 20 nucleotides. In response to a cue such as reentry into meiosis or fertilization, the poly(A) tails of specific mRNAs are elongated and thereby promote translation. For the most part, the details of this process have emerged from studies of Xenopus and mice. During oocyte (meiotic) maturation, two cis-acting sequences in the 3Ј untranslated regions of responding mRNAs are required for cytoplasmic polyadenylation, the UUUUUAU-type cytoplasmic polyadenylation element (CPE), and the hexanucleotide AAU AAA. Other mRNAs that undergo cytoplasmic polyadenylation after fertilization require a poly(U) [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] CPE, as well as the hexanucleotide (29; reviewed in reference 24) .
One factor that is essential for cytoplasmic polyadenylation during maturation is the cytoplasmic polyadenylation element binding protein (CPEB) (8, 31) . Because this 62-kDa protein is bound to the CPE both before and after polyadenylation occurs, its phosphorylation during maturation has been proposed to influence its activity (22) , although this has not been firmly established. Irrespective of the function of phosphorylation, CPEB probably recruits or stabilizes additional factors that are necessary for polyadenylation, in particular those that interact with the hexanucleotide AAUAAA. The nature of the hexanucleotide binding factor(s) is unclear, but it could be cleavage and polyadenylation specificity factor (CPSF) (1), a complex of four proteins that recognizes this sequence in the nucleus and regulates 3Ј-end formation of pre-mRNA (18, 34) . At least for nuclear polyadenylation, it is probably CPSF that recruits poly(A) polymerase to catalyze poly(A) addition. During maturation, cytoplasmic poly(A) addition, in a mechanism as yet unknown, induces 5Ј cap ribose methylation (i.e., cap II formation) (13) . It is cap II formation, then, that is at least partly responsible for translational activation (13, 14) .
Following the induction of oocyte maturation, the mRNA for the proto-oncoprotein Mos is activated by polyadenylation (6, 28) . Once synthesized, this serine/threonine kinase initiates a cascade of phosphorylation events that culminate in the activation of maturation-promoting factor (MPF), a heterodimer composed of cdc2 kinase and cyclin B (reviewed in references 17, 21, and 23) . It is active MPF that is most directly responsible for the morphological changes that occur during maturation, such as chromatin condensation and germinal vesicle breakdown (GVBD).
Although the cytoplasmic polyadenylation of c-mos mRNA is a relatively early event during maturation, the polyadenylation of other mRNAs occurs much later (27) . However, all seven mRNAs tested so far require CPEB for polyadenylation in egg extracts (31) , suggesting that additional sequence information, besides the CPE, might be involved in the temporal regulation of polyadenylation of different mRNAs. To begin to analyze the features of mRNAs that determine the timing of cytoplasmic polyadenylation, we have ablated c-mos mRNA by the injection of an antisense oligonucleotide, thus preventing one of the earliest events in oocyte maturation, Mos synthesis. This prevented the polyadenylation of the "late" mRNAs, histone B4 and cyclins B1 and A1. However, because injected cyclin B protein induced polyadenylation even in the absence of Mos, it may be that cdc2 kinase, which is activated by cyclin B, is more directly responsible for late polyadenylation. Mutational analysis indicated that each of the Mos-dependent mRNAs contains a cis-acting "Mos response element" that is important for their cytoplasmic polyadenylation. In cyclins B1 and A1 RNA, this element corresponds to a CPE that overlaps the hexanucleotide AAUAAA. This indicates that CPEs, based on their position relative to the hexanucleotide, can play different regulatory roles in polyadenylation. This observation, in conjunction with the effects of Mos and cdc2 on polyadenylation, is discussed.
MATERIALS AND METHODS
Oocyte preparation and injection. To obtain full-grown oocytes, Xenopus laevis females were injected with pregnant mare serum gonadotropin (50 IU). At 2 to 10 days later, ovarian lobes were removed and treated with collagenase and dispase (13) , and stage VI oocytes were selected. Maturation was induced by incubating the oocytes in Barth's medium containing progesterone (10 M).
High-pressure liquid chromatography-purified sense and antisense c-mos oligonucleotides were made to match a sequence in the 5Ј part of the 2-kb 3Ј untranslated region (UTR) of c-mos mRNA (nucleotides [nt] (26) . The oligonucleotides were dissolved in water at 3 g/l followed by extractions with phenol-chloroform and chloroform. Approximately 70 nl of this solution was injected into each oocyte, and the oocytes were incubated overnight. Some oocytes were injected with a 30-nl solution of radiolabeled RNAs that were synthesized in vitro and suspended in water at a concentration of 0.1 to 0.5 M. Clam cyclin B, synthesized in bacteria (a gift of J. V. Ruderman, Harvard Medical School) was used for oocyte injection at 2 mg/ml (50 nl/oocyte).
After incubation, the oocytes were collected in microcentrifuge tubes (four or five oocytes per sample); all excess buffer was removed, and they were frozen on dry ice. The samples were stored at Ϫ80°C.
Plasmid construction and RNA synthesis. Plasmids psMos (sMos), psB4 (sB4), and pscyclin B1 (sB1) have been described previously (31, 32) . The following DNA oligonucleotides were used in the construction of new templates: 5ЈB4.3F, GAAGCTTAGGCTGATATACTTTTAACT; 3ЈB4, GGGATCCTTT TAAAAGAAAAAAAAAACAATTACTTAC; 5ЈB4.cDNA, TCCCCCGGGA ACGCTGACGGTTCTCTG; 5ЈsB1, CGGGATCCTGTTGGCACCATGTGCT TC; 3ЈsB1, GCGAATTCCATGTTAAAATGAGCTTTATTAAAACC; 5ЈxsB1, CGGGATCCGTGTTTTTAATGTTTTACTGG; 3ЈxsB1, GCGAATTCTTTAT TAAAACCAGTAAAAC; 3ЈxsB1.M1, GCGAATTCTTTATTAAAAAGAGTA AAAC; 3ЈxsB1.M2, GCGAATTCTTTATTTATCCAGTAAAAC; 3ЈxsB1.M3, GCGAATTCTTTATTAAAACCAATTAAACATTAA.
To synthesize a full-length histone B4 3Ј UTR, primers 5ЈB4.3F and 3ЈB4 were used in a PCR with full-length B4 cDNA as the template (30) . The PCR product was digested with HindIII and BamHI and cloned into pSP64A (Promega). The construct was digested with DraI and transcribed with SP6 RNA polymerase.
Because the original Xenopus B4 cDNA clone contains some foreign 5Ј sequences introduced during library construction (2, 30), we synthesized a new B4 clone to serve as a template for full-length B4 mRNA. To accomplish this, PCR was performed with primers 5ЈB4.3F and 3ЈB4 on a template consisting of the 5Ј part of B4.0 and the 3Ј part of B4.1 cDNA clones fused at the SpeI site (constructed by R. C. Smith [30] ). The product was digested with SmaI and BamHI and cloned into pBluescriptII SKϪ (Stratagene). The plasmid was linearized with DraI and transcribed with T3 RNA polymerase.
All mutations that were introduced into cyclin B1 sequences used pscyclin B1 as the starting template for PCR amplification (31) . Following amplification, the DNAs were digested with BamHI and EcoRI and cloned into pBluescriptII SKϪ . The plasmids were linearized with EcoRI and transcribed with T3 RNA polymerase. To construct plasmid pxsB1-5, primers 5ЈxsB1 and 3ЈsB1 were used; for pxsB1-3, primers 5ЈsB1 and 3ЈxsB1 were used; for pxxsB1, primers 5ЈxsB1 and 3ЈxsB1 were used. For the M series of mutations, the corresponding primers were used in an identical manner.
Transcription of probe RNAs occurred in 10-l reaction volumes that contained 200 ng of DNA (linearized template, as described above), 0.5 mM CTP, 0.5 mM ATP, 0.01 mM UTP, 0.05 mM GTP, 0.5 mM 7 mGpppG, 10 mM dithiothreitol, 40 U of RNasin, 1ϫ transcription buffer (10 mM NaCl, 6 RNA analysis. Total RNA was isolated from oocytes by the p-aminosalicyclic acid-sodium dodecyl sulfate (SDS) method (10) . Radiolabeled probe RNA was analyzed by electrophoresis on 6% polyacrylamide gels containing 50% urea and 1ϫ Tris-borate-EDTA buffer. To analyze the full-length synthetic B4 mRNA, 4% polyacrylamide gels were used. For Northern blot analysis, the RNA recovered from five oocytes was resolved by electrophoresis on a 1% agarose formaldehyde gel, blotted onto a nylon membrane, and hybridized as previously described (3, 32) . Because the membranes were often probed more than once, they were stripped in 50% formamide-0.5% SDS at 70°C for 3 to 5 h before being used a second time. DNA probes were labeled by random priming in the presence of [ 32 P]dCTP. The histone B4 probe was a ϳ700-bp BamHI fragment of the cDNA encompassing the 3Ј half of the coding region and the full 3Ј UTR (30) . The cyclin B1 and A1 probes were cDNA inserts (cyclin plasmids provided by D. L. Weeks, University of Iowa).
H1 kinase assay and Western blots. For protein analysis, five oocytes were homogenized in 100 l of H1 kinase buffer (80 mM sodium ␤-glycerophosphate, 20 mM EGTA, 15 mM MgCl 2 , 0.5 mM Na 2 VaO 4 ) with protease inhibitors (10 g each of leupeptin, pepstatin, and chymostatin per ml) and centrifuged for 5 min at 4°C. An 8-l volume of the supernatant was used in histone H1 kinase assays as described previously (20) . Then 60 l of the remaining supernatant was mixed with 30 l of SDS loading buffer (9% SDS 30% glycerol, 15% ␤-mercaptoethanol, 100 g of bromophenol blue per ml, 1 M Tris-HCl [pH 6.8]), and 15 l of this lysate was used for Western blot analysis as described previously (8) . The CPEB antibody was described previously (8) . The Mos antibody was purchased from Santa Cruz Biotechnology and used at a dilution of 1:500. The Xenopus cyclin B1 antibody was a gift from J. L. Maller, University of Colorado School of Medicine. The phosphotyrosine antibody (RC20) was used as specified by the manufacturer (Transduction Laboratories), except that the protein was blotted onto nitrocellulose. The identity of the mitogen-activated protein (MAP) kinase band was ascertained by restaining the immunoblots with a MAP kinase antibody (C-14; Santa Cruz Biotechnology). mRNP fractionation. Polysomal and free messenger ribonucleoproteins (mRNPs) were separated by layering the extract of 10 appropriately treated oocytes on a sucrose cushion and subjecting this to ultracentrifugation. The RNA was recovered from the polysomal pellet and the supernatant using the proteinase K-SDS method, as described (36) . Matching total RNA controls were isolated by the same method.
RESULTS
Differential timing of mRNA polyadenylation during oocyte maturation. The features of oocyte maturation in Xenopus that are particularly relevant to this report are illustrated in Fig. 1 . Progesterone interacts with a presumed membrane-bound receptor, which initiates a series of poorly understood events that result in the cytoplasmic polyadenylation and translational activation of c-mos mRNA. Newly synthesized Mos kinase, in turn, activates MAP kinase kinase by phosphorylation, which activates MAP kinase. MAP kinase activation is necessary for activation of cdc2 kinase (a component of MPF). Progesterone-mediated activation of cdc2 kinase probably also involves other substrates of Mos, in addition to Mos-independent signals (reviewed in reference 25).
To characterize the temporal relationships between some of these events and cytoplasmic polyadenylation, we performed several time course experiments, as shown in Fig. 2 . cdc2 activation, as manifested by the in vitro phosphorylation of the model substrate histone H1 (and hence is referred to as H1 kinase activity), occurred by 210 min after progesterone addition. This activation was coincident with, and indeed is necessary for, oocyte maturation (scored by GVBD) as noted previously (reviewed in references 5 and 25). Mos protein, which is barely detectable in untreated oocytes by Western blotting, became visible at 30 min after progesterone addition and was clearly evident by 90 to 120 min. CPEB, the RNA binding protein that is required for cytoplasmic polyadenylation (8, 31) , was present both before and after progesterone addition but underwent a phosphorylation-induced mobility change by 210 min after progesterone addition. This is in agreement with an earlier indication that CPEB is a substrate for cdc2 kinase activity (22) . It is also evident that phospho-CPEB levels were reduced after GVBD, which had been noted previously (8) . Cyclin B1 protein is present in uninduced oocytes and accumulates further at and after GVBD. The cytoplasmic polyadenylation of cyclin B1 mRNA, as assessed by a decreased mobility on a Northern blot, was observed during GVBD as well, consistent with the role of cytoplasmic polyadenylation in the translational activation of this mRNA. Histone B4 mRNA underwent polyadenylation with similar kinetics. Because cmos mRNA is so large (5.2 kb), we could not detect the change in poly(A) tail length by Northern blotting. As an alternative, we injected a radiolabeled RNA containing the 3Ј UTR of c-mos, which includes the CPE and hexanucleotide AAUAAA. This RNA began to be polyadenylated much earlier and reached nearly full polyadenylation at 120 min. As noted previously, a shortening of the c-mos RNA poly(A) tail was observed late in maturation (27) .
Polyadenylation of cyclin B1 and histone B4 mRNA is dependent on Mos synthesis. Because Mos protein synthesis is an early and important event for oocyte maturation and because it precedes the polyadenylation of cyclin B1 and histone B4 mRNA, it is possible that this kinase plays a role in the regulation of the polyadenylation of these mRNAs. To investigate this, an antisense oligonucleotide directed against c-mos mRNA was injected into oocytes, which were subsequently cultured in progesterone-containing medium. The Northern blot in Fig. 3 shows that full-length c-mos mRNA was cleaved by the injected antisense oligonucleotide (this is due to endogenous RNase H activity) whereas the sense oligonucleotide had no effect. As expected, in the oocytes in which c-mos mRNA was ablated, Mos protein accumulation, H1 kinase activation, and GVBD were all prevented (Fig. 3 and data not  shown) . The cytoplasmic polyadenylation of cyclin B1 and histone B4 mRNA was also inhibited by c-mos mRNA destruction, indicating that the polyadenylation of these mRNAs is dependent on the synthesis of Mos protein. In addition, CPEB phosphorylation was prevented in c-mos antisense oligonucleotide-injected oocytes. Thus, this modification must also occur downstream of Mos synthesis.
Translation of cyclin B1 and histone B4 mRNA correlates with polyadenylation. Because cytoplasmic polyadenylation is thought to be important for the translational activation of mRNAs during oocyte maturation, we investigated the translation of cyclin B1 and histone B4 mRNA in the absence of c-mos mRNA. By Western blotting, we determined that progesterone induced a large increase in the levels of cyclin B1 FIG. 1. Schematic representation of the salient features of oocyte maturation. Progesterone binds to a presumed receptor in the oocyte membrane and activates Mos mRNA polyadenylation and translation. Mos then activates MAP kinase kinase (MAPKK) by phosphorylation, which in turn activates MAP kinase (MAPK), also by phosphorylation, on tyrosine and threonine. MAP kinase induces cdc2 kinase activation via an unknown pathway, but other, as yet unidentified, activators are also necessary for this process (25) . In Xenopus oocytes, cdc2 kinase is already bound to cyclin B, but its activity is suppressed by tyrosine phosphorylation and possibly by the binding of repressor protein complexes (15) . cdc2 kinase is activated by tyrosine and threonine dephosphorylation and phosphorylation on another threonine. Active cdc2 kinase induces GVBD, eventually leading to the completion of meiosis I. Solid arrows indicate well-documented, direct cause-and-effect relationships. Broken arrows represent inductions that probably involve multiple unknown steps.
FIG. 2.
Time course of events during oocyte maturation. Stage VI Xenopus oocytes were incubated with progesterone, samples were taken at different time points, and a number of parameters were examined. GVBD was scored by the appearance of a white spot on the animal pole of the oocyte; cdc2 activity was detected by assaying the phosphorylation of histone H1 in extracts in vitro (H1 Kinase); Mos protein was assayed by Western blotting; phosphorylation and degradation of CPEB were detected by Western blotting; cytoplasmic polyadenylation of endogenous cyclin B1 mRNA and histone B4 mRNA was detected by Northern analysis of total RNA. The same blot was hybridized with cyclin B1 probe, stripped, and rehybridized with histone B4 probe. Unfortunately, the RNA sample in the 60-min lane was not completely dissolved when loaded on the gel. A radioactive Mos 3Ј UTR fragment (sMos) was injected into some oocytes that were then incubated in a medium containing progesterone. Total RNA was isolated at several time points and analyzed by electrophoresis on a denaturing polyacrylamide gel. sMos was visualized by phosphorimaging. The length of the poly(A) tail is indicated (A 0 and A ϳ80 ).
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To further investigate the correlation between translation and polyadenylation we fractionated oocyte extracts into free (supernatant, untranslated) and polysomal (pellet, translated) mRNP. Progesterone treatment of normal oocytes induced a shift of the histone B4 and cyclin B1 mRNAs into the polysomal fraction, in addition to being polyadenylated, as expected. The association of histone B4 mRNA with the polysomes was reduced by antisense Mos oligonucleotide injection, while the polysomal association of cyclin B1 mRNA was completely abolished (Fig. 4B) . These data indicate that in the absence of Mos both polyadenylation and translation of histone B4 and cyclin B1 are inhibited.
Mos-responsive cytoplasmic polyadenylation elements. To determine the features of the histone B4 and cyclin B1 mRNAs that make their polyadenylation dependent on Mos translation, radioactive 3Ј UTR fragments containing the signals for cytoplasmic polyadenylation (CPE and the hexanucleotide AAUAAA) were injected into oocytes preinjected with a Mos antisense oligonucleotide. As shown in Fig. 5 , polyadenylation of the histone B4 (sB4; nt 881 to 910 of the mRNA) and c-mos mRNA fragments (sMos; nt 3117 to 3137) were only slightly inhibited by the antisense oligonucleotide (the antisense oligonucleotide is not directed against sMos, since it covers nt 2265 to 2289). This demonstrates that cytoplasmic polyadenylation per se is not dependent on Mos protein. However, the polyadenylation of an injected cyclin B1 mRNA fragment (sB1) was prevented in oocytes lacking Mos, similar to the endogenous cyclin B1 mRNA. This was a surprising result because both cyclin B1 and histone B4 RNAs were polyadenylated with nearly the same kinetics during oocyte maturation (Fig. 2) . To examine whether the dependence of histone B4 mRNA polyadenylation on Mos was conveyed by regions of the mRNA outside the sB4 sequence, we performed an additional series of experiments. RNAs containing the full 3Ј UTR only (nt 849 to 932) or encompassing the complete mRNA (nt 1 to 932) were injected into oocytes in which c-mos mRNA had been destroyed. Figure 6 shows that only the polyadenylation of the probe containing the full B4 mRNA sequence was inhibited in the absence of Mos. Thus, a histone B4 RNA Mos response element in the 5Ј UTR or coding region is necessary for the repression of polyadenylation until, presumably, Mos is synthesized to such a level that it can activate polyadenylation.
Mos-dependent polyadenylation of cyclin B1 mRNA requires the CPE overlapping with the hexanucleotide. To begin to characterize the sequences that convey Mos dependence to the polyadenylation of the cyclin B1 RNA (sB1), a comparison of its sequence with that of the histone B4 RNA (sB4), whose polyadenylation is Mos independent, is useful. As depicted in Fig. 7 , sB1 RNA has two CPEs, the first of which (CPE1) is Fig. 3 . Radiolabeled 3Ј UTR fragments were injected into these oocytes, and they were incubated in progesterone (Progest.), as in Fig. 2 . The 3Ј UTR fragments of c-mos (sMos), histone B4 (sB4), and cyclin B1 (sB1) mRNAs are depicted above each panel to show the relative placement of the CPEs (ovals) and the hexanucleotide (open boxes). P indicates the uninjected probe. Polyadenylation was analyzed on denaturing polyacrylamide gels as for sMos in Fig. 2. identical to that of sB4 RNA and the second of which (CPE2) overlaps with the AAUAAA hexanucleotide. Deletion of the sequences 3Ј of the hexanucleotide had no effect on the inhibition of polyadenylation when c-mos mRNA was ablated (xsB1-3). Small regions in the sequence between CPE1 and the hexanucleotide were converted into the corresponding sB4 sequence. Partial escape from the inhibition of polyadenylation in the absence of Mos was observed for the mutations upstream of CPE2 (xsB1-3M1 and xsB1-M3). However, mutation of CPE2 made the polyadenylation of the xsB1-3M2 as independent of Mos as did that of sB4 (compare xsB1-3 and xsB1-3M2 in Fig. 7 with sB4 in Fig. 5 and 6) . Deletion of the 5Ј end of the cyclin B1 RNA sequence resulted in a partial relief of polyadenylation inhibition in the absence of Mos (xsB1-5). As expected, a double deletion of both the 5Ј and 3Ј B1 sequences still had only a partial restoration of polyadenylation activity in the absence of Mos (xxsB1). However, destruction of CPE2 almost completely restored polyadenylation in the absence of Mos in this construct (xxsB1-M2), similar to that in the xsB1-3M2 RNA. Thus, while sequences upstream of CPE2 contribute to the inhibition of polyadenylation in the absence of Mos, possibly through the formation of secondary structure, it is CPE2 that is indispensable for this repression. In other words, Mos protein, by a mechanism as yet unknown, induces polyadenylation by relieving a repression that acts through CPE2, which overlaps with the hexanucleotide.
Cyclin A1 mRNA polyadenylation is Mos dependent. Cyclin A1 mRNA is known to be polyadenylated in maturing oocytes (27) . Interestingly, the single CPE of this mRNA overlaps with the AAUAAA hexanucleotide, similar to CPE2 in cyclin B1 mRNA, which raises the possibility that the cytoplasmic polyadenylation of cyclin A1 mRNA is also Mos dependent. Indeed, ablation of c-mos mRNA by antisense oligonucleotide injection prevented the polyadenylation of endogenous cyclin A1 mRNA (Fig. 8, top) . Similarly, an injected cyclin A1 3Ј UTR fragment also was not polyadenylated in the absence of Mos (Fig. 8, bottom) . Taken together, our data show that the position of the CPE relative to the hexanucleotide AAUAAA has a profound effect on cytoplasmic polyadenylation and demonstrate that Mos regulates the function of CPEs overlapping with their hexanucleotide. cdc2 kinase induces cytoplasmic polyadenylation of cyclin B1 mRNA and histone B4 mRNA. Mos protein activates a kinase cascade that includes MAP kinase and cdc2 kinase (Fig.  1) . However, active cdc2 can also induce Mos protein synthesis and MAP kinase activation via a feedback loop (7) . To dissect the pathway by which Mos induces cytoplasmic polyadenylation, we activated cdc2 kinase by injecting cyclin B into oocytes in which the feedback to Mos synthesis was blocked by the injection of an antisense oligonucleotide. As can be seen in Fig.  9, lanes 1 to 4 , the ablation of c-mos RNA prevented progesterone-induced Mos synthesis, cdc2 kinase activation (H1 kinase), CPEB phosphorylation, and cyclin B1 and histone B4 mRNA polyadenylation, as shown previously (Fig. 3) . In addition, we show here that in the absence of Mos, MAP kinase did not undergo tyrosine phosphorylation, which is required for its activation (12) . We note that the identity of this protein was confirmed by probing this Western blot with MAP kinase antibody (data not shown).
To obtain the data shown in Fig. 9 , lanes 5 to 7, maturation was induced by the injection of clam cyclin B protein in the absence of progesterone. In control oocytes, this protein activated cdc2 kinase (H1 kinase), as expected. Mos protein synthesis and MAP kinase tyrosine phosphorylation (i.e., activation) were induced, presumably by the feedback loop, as was the phosphorylation of CPEB. The cyclin B1 and histone B4 mRNAs were polyadenylated as well (lanes 5 and 6). However, in oocytes whose c-mos mRNA had been ablated by a preinjection of antisense oligonucleotide (lane 7), the injection of cyclin B1 protein resulted in cdc2 activation and CPEB phosphorylation but not in Mos protein synthesis or MAP kinase activation. Importantly, both cyclin B1 and histone B4 mRNAs were polyadenylated, which demonstrates that cdc2 kinase can induce cytoplasmic polyadenylation of these mRNAs, independently of Mos or MAP kinase. This indicates that cdc2 kinase is an intermediate in the regulatory pathway from Mos to cytoplasmic polyadenylation.
DISCUSSION
In this report, we have shown that during the normal course of oocyte maturation, embryonic histone B4 and cyclin B1 and A1 mRNAs require Mos synthesis before they can undergo cytoplasmic polyadenylation. When c-mos RNA is ablated by antisense oligonucleotide injection, these mRNAs are not polyadenylated and their translation is inhibited. Mutational analysis revealed that specific sequences within these mRNAs are necessary for Mos-controlled polyadenylation. For histone B4, this region resides in the 5Ј UTR or coding region; for cyclins B1 and A1, it is an overlapping CPE and hexanucleotide (UUUUUAAUAAA). These sequences or, rather, the factors that might bind to them are probably not controlled directly by Mos but are most probably controlled by cdc2 kinase.
We report that cyclin B1 and histone B4 mRNAs are polyadenylated at GVBD. An injected Mos 3Ј UTR fragment is polyadenylated approximately 2 h earlier. Sheets et al. (27) reported that Mos mRNA is polyadenylated at the same time as cyclin B1 mRNA, but this might be because their time points are 2 h apart. Moreover, the accumulation of cyclin B1 protein during oocyte maturation is also consistent with a translational activation at GVBD, long after Mos accumulation has started (11) (Fig. 2) .
Although we describe three mRNAs whose polyadenylation is Mos dependent, it is not clear which endogenous mRNAs are polyadenylated in the absence of Mos. Perhaps the most likely candidate is the c-mos mRNA itself. The data of Sheets et al. (27) , obtained with Xenopus oocytes, and those of Gebauer et al. (6) , obtained with mouse oocytes, have shown that FIG. 6 . Polyadenylation of the injected full-length B4 mRNA is dependent on Mos. Different radioactive fragments of the histone B4 mRNA were injected into oocytes as described in the legend to Fig. 5 . As in Fig. 5 , the placement of the CPE (ovals) and hexanucleotide (open boxes) is shown. The coding region is depicted as a solid box. The relative sizes of the elements are not drawn to scale. sB4, small 3Ј UTR fragment of histone B4 mRNA; B4 3ЈUTR, full 3Ј UTR of histone B4 mRNA; B4 syn mRNA, synthetic mRNA containing the complete B4 mRNA sequence. Polyadenylation was analyzed on denaturing polyacrylamide gels as in Fig. 5 .
VOL. 17, 1997 Mos INFLUENCE ON CYTOPLASMIC POLYADENYLATIONc-mos mRNA polyadenylation is necessary for Mos synthesis. Thus, c-mos mRNA polyadenylation would have to occur prior to Mos synthesis because Mos protein is almost undetectable in immature oocytes. However, the data presented in Fig. 2 show that some Mos had accumulated even when c-mos mRNA polyadenylation was just beginning. These apparently contradictory results may be explained by recent studies that have examined how polyadenylation induces translation. During maturation, 3Ј poly(A) addition induces 5Ј cap ribose methylation, which in turn stimulates translation (13, 14) .
However, it appears that the process of poly(A) addition, rather than a poly(A) tail per se, is important for cap ribose methylation (13) . Thus, in the case of c-mos mRNA, it is possible that the initial stages of polyadenylation are sufficient to induce cap ribose methylation and the resulting translational activation.
The observation that some CPE-containing 3Ј UTR fragments (sMos, sB4, and xsB1-3M2) are polyadenylated in oocytes that have an ablated c-mos mRNA (Fig. 5 to 7) indicates that the cytoplasmic polyadenylation machinery is activated independently of Mos accumulation. Thus, the polyadenylation of Mos-dependent mRNAs appears to be under dual control, i.e., derepression by Mos and activation by CPEB. Why a dual control? The answer may lie in the importance of translational repression of these mRNAs. The cyclin mRNAs, like many other maternal mRNAs, are stored in a translationally dormant form. Should the translational repression of cyclin A1 or B1 mRNA be "leaky" during this storage period, cyclin protein could build up to such a level as to induce oocyte maturation during the latter growth stages of oogenesis, independently of exposure to hormone and thus not coupled to egg-laying and mating behavior. Since mature oocytes have a limited life span, such spontaneous maturation would cause a sharp reduction in fertility.
Because cdc2 activation can induce polyadenylation of Mosdependent mRNAs, even in the absence of both Mos and active MAP kinase (Fig. 9) , it is probable that cdc2 is a more direct activator of this process than the two other enzymes are. This is also consistent with the timing of cyclin B1 and histone B4 mRNA polyadenylation during progesterone-induced oocyte maturation (Fig. 2) . In addition, in a preliminary experiment, we injected an mRNA for a dominant negative cdc2 mutant into oocytes. This prevented both cdc2 activation and Mos accumulation, as reported previously (19) . When a bacterially expressed Mos fusion protein was injected into these oocytes, MAP kinase was activated by tyrosine phosphorylation but cdc2 kinase remained inactive, as expected. In this case, cyclin B1 and histone B4 mRNAs were not polyadenylated (data not shown), which suggests that cdc2 kinase is not only sufficient but also necessary for Mos-dependent cytoplasmic polyadenylation.
Although CPEB is essential for cytoplasmic polyadenylation (8, 31) it is unclear what the role of its phosphorylation is. Phosphorylation of CPEB occurs simultaneously with cdc2 kinase activation (Fig. 2, 3, and 9 ). This implies that CPEB phosphorylation could be involved in the induction of Mosdependent cytoplasmic polyadenylation. However, because polyadenylation of injected 3Ј UTR fragments takes place in the absence of Mos synthesis of CPEB phosphorylation (Fig. 3,  5 , and 7), activation of polyadenylation by progesterone does not absolutely require Mos protein or phosphorylation of CPEB (although, as stated above, CPEB itself is indispensable). The phosphorylation of CPEB is correlated with the destruction of most of the protein, as noted previously (8) (Fig.  2 and 9) .
A CPE overlapping with a hexanucleotide seems to be the main hallmark of the Mos-response element in cyclin A1 and B1 mRNA ( Fig. 7 and 8) . The dovetail arrangement of these two elements suggests that the binding of a protein to the CPE might prevent the binding of the hexanucleotide binding factor, possibly CPSF (1). This hypothetical hexanucleotide masking factor could be CPEB or another RNA binding protein recognizing a similar sequence. The release from repression could be mediated by conformational changes caused by phosphorylation of the masking protein or phosphorylation of the hexanucleotide binding factor, resulting in the binding of both CPEB and the hexanucleotide binding factor and the initiation of polyadenylation.
Irrespective of the mechanisms involved, our data indicate that a CPE-hexanucleotide fusion can confer Mos dependence on polyadenylation and thus regulate the timing of polyadenylation.
